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Rate constants have been measured from 300 to 1400 K in a selected ion flow tube (SIFT) and a
high temperature flowing afterglow for the reactions of N*, N; and Nj with NO. In all of the
systems, the rate constants are substantially less than the collision rate constant. Comparing the high
temperature results to kinetics studies as a function of translational energy show that all types of
energy (translational, rotational, and vibrational) affect the reactivity approximately equally for all
three ions. Branching ratios have also been measured at 300 and 500 K in a SIFT for the N* and
N; reactions. An increase in the N; product at the expense of NO™ nondissociative charge transfer
product occurs at 500 K with N*. The branching ratios for the reaction of N; with NO have also
been measured in the SIFT, showing that only nondissociative charge transfer giving NO* occurs
up to 500 K. The current results are discussed in the context of the many previous studies of these

ions in the literature. [DOIL: 10.1063/1.1792232]

I. INTRODUCTION

Measurements of the kinetics of ion-molecule reactions
at high temperatures have proven that the internal energy
available at these elevated temperatures can have a signifi-
cant effect on the rate constants and product branching
ratios.! These data show that extrapolations to high tempera-
ture behavior based solely on room temperature data could
be seriously in error. The results have been invaluable in
modeling the chemistry at elevated temperatures involving
plasmas. >

The reactivities of the nitrogen ion species N where
m=1-3 are of particular interest. Both N* and N, are key
precursor ions in the complex chemistry of the ionosphere®
and Ny ions are readily formed in rf discharges.”” In addi-
tion, NO™ ions are one of the main terminal ions in air
plasma environments and are a major component of the day-
time ionosphere of altitude of 200 km,” making reactions
with NO especially interesting.

Considering the importance of the ion-molecule chemis-
try of nitrogenic cations with NO, the rate constants for the
reactions of N*, N3 , and Nj with NO have been studied up
to 1400 K using a selected ion flow tube (SIFT) and a high
temperature flowing afterglow (HTFA). Previous drift tube
studies of the kinetics as a function of reactant translational
energy have been done at 298 K for all three ions.'®~'® Thus,
comparing the current results with the drift tube data illus-
trates the effects of internal energy on the reactivity. In ad-
dition, the temperature dependence of the branching ratios
for the reactions of N* and N3 have been measured up to
500 K in the SIFT where the reactant ions are mass selected.
The products for the N* reaction have previously been mea-
sured only at 298 K,'6-18 indicating that another reactive
channel occurs in addition to charge transfer. However, the
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product branching ratios for the N3 reaction have not been
measured previously. For each individual ion-molecule reac-
tion, numerous previous studies using several different meth-
ods will be discussed to better understand the current results.

ll. EXPERIMENT

Rate constants for the N¥, N; , and N; reactions with
NO have been measured using both a SIFT and HTFA at the
Air Force Research Laboratory. The instruments have been
described in detail elsewhere,!®?° including later modifica-
tions to the upstream ion source region of the HTFA.?! The
helium buffer gas was passed through a liquid nitrogen
cooled sieve trap to remove water vapor. The NO was also
passed through a sieve trap to reduce the minute amount of
impurities in the sample. In the following sections, only the
details pertinent to the current experiments will be discussed.

In the SIFT, electron impact on nitrogen gas taken from
the boiloff of a high pressure liquid nitrogen dewar and in-
troduced into an effusive source produced N* ions in a high
pressure source chamber. N; ions were simultaneously gen-
erated by the three-body reaction of N* with N, and Penning
ionization of N, with N in the source. The ion of interest
was mass selected with a quadrupole mass analyzer and in-
jected into a fast flow of helium buffer gas (AGA, 99.997%)
that was introduced through a Venturi inlet. These ions be-
came thermally equilibrated before entering the reaction
zone where NO gas (AGA, 99.8%) was added.

After reaction over a known distance at a previously
measured reaction time under pseudo-first-order conditions,
the remaining ions were sampled through an aperture in a
blunt nose cone, mass analyzed, and then detected. The prod-
uct distribution was determined by extrapolating the branch-
ing ratios to zero NO flow to minimize the effects of second-
ary reactions with NO in the flow tube, leading to relative
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FIG. 1. Rate constants for the reaction of N* with NO plotted as a function
of temperature. The flow drift tube (FDT) and selected ion flow drift tube
(SIFDT) data are from Fahey et al. (Ref. 12). The high temperature flowing
afterglow (HTFA) data are current measurements. The selected ion flow tube
(SIFT) data represent previous measurements at 298 K by Adams et al.
(Ref. 18) and Tichy et al. (Ref. 17), as well as the current SIFT measure-
ments at 300 and 500 K. The flowing afterglow (FA) value is from Mat-
suoka ef al. (Ref. 26) and the ion cyclotron resonance mass spectrometer
(ICR) value is from Anicich ef al. (Ref. 16).

errors in the branching ratios of 10% of the major product
peaks.? The experimental rate constants have relative uncer-
tainties of =15% and absolute uncertainties of =25%."

In the HTFA, the three nitrogen cations of interest were
generated simultaneously without mass selection in an ion
source region upstream of and perpendicular to the main
flow tube. The helium buffer flow was introduced into the
source region through an inlet behind a thoriated iridium
filament. Electron impact on the buffer gas generated He*
and He* ions. These ions reacted with nitrogen gas intro-
duced downstream from the filament to generate N* and N
ions. The Nj ions were generated through the same two
mechanisms as in the SIFT. The pressure in the source region
was increased by the use of a 0.25 in. diameter diaphragm so
that the N, concentration in the flow tube was low enough to
minimize the clustering reaction there. The various ions were
transported into the flow tube by the fast flow of buffer gas
where a commercially available furnace heated the flow tube
to the desired temperature. These ions became thermally
equilibrated before entering the reaction zone where the NO
was introduced. Again, after reaction over a known distance
at a previously measured reaction time under pseudo-first-
order conditions, the remaining ions were sampled through
an aperture in a blunt nose cone, mass analyzed, and then
detected. The experimental rate constants measured with the
HTFA have relative uncertainties of *=15% and absolute un-
certainties of +25%.%

lll. RESULTS
A.N*+NO

The reaction of N* with NO has been extensively stud-
ied in the past.!b1216-1823-27 Rate constants for this reaction
are shown in Fig. 1 plotted against temperature. For the drift
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FIG. 2. Rate constants-for the reaction of N* with NO plotted as a function
of the average translational and rotational energy in eV. The FDT and
SIFDT data are from Fahey et al. (Ref. 12). The HTFA data are current
measurements. The SIFT data represent previous measurements at 298 K by
Adams, Smith, and Paulson (Ref. 18) and Tichy ef al. (Ref. 17) as well as
the current SIFT measurements at 300 and 500 K. The FA value is from
Matsuoka et al. (Ref. 26) and the ICR value is from Anicich et al. (Ref. 16).

tube data measured in a flow drift tube (FDT) and selected-
ion flow drift tube (SIFDT),'? the center-of-mass kinetic en-
ergies have been converted to an effective transtational tem-
perature T, where Tog=2(KE ., )3kzT and kp is
Boltzmann’s constant. The rate constants decrease with in-
creasing temperature and can be represented by a power law
as (6.5X107%)T~ %4, The room temperature rate constants
shown in Fig. 1 measured in various fast flow tube
instruments'®>171826 a5 well as an ion cyclotron resonance
(ICR) mass spectrometer'S are in good agreement, having a
value of ca. 5.5+0.7X 107 c¢m? s™!. Two measurements of
the rate constant are not shown in Fig. 1 because they were
made in the early days of the flowing afterglow, before error
levels had been reduced. Those measurements gave some-
what larger values of 8—9X107'%cm? s71.2>2* The average
value of the room temperature rate constant is approximately
one-half of the Su-Chesnavich collision rate constant?®? of
1.0x107° cm*®s™!. The new SIFT and HTFA data are in
agreement with the drift tube data'? up to 900 K within the
15% relative error. However, the new data above 1000 K are
lower than the corresponding drift tube results'? for the rea-
sons described below.

The SIFT and HTFA rate constants reflect thermal en-
ergy distribution of the reactants at the flow tube tempera-
ture, which covers the range from 300 to 1400 K for the
current measurements. A survey of numerous past high tem-
perature studies of the kinetics of ion-molecule reactions
shows that having energy in either reactant translation or
rotation usually affects the reactivity equally.** To investi-
gate the role of rotational and translational energy, particu-
larly at high temperatures, the rate constants are alternatively
plotted versus the sum of the average rotational and transla-
tional energy in Fig. 2. The average rotational energy of the
NO is simply k3T, where T is the reaction temperature, and
the average kinetic energy in the SIFT and HTFA is simply
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FIG. 3. Rate constants for the reaction of N* with NO plotted as a function
of the average total energy (translational, rotational, and vibrational) in eV.
The FDT and SIFDT data are from Fahey et al. (Ref. 12). The HTFA data
are current measurements. The SIFT data represent previous measurements
at 298 K by Adams, Smith, and Paulson (Ref. 18) and Tichy ef al. (Ref. 17)
as well as the current SIFT measurements at 300 and 500 K. The FA value
is from Matsuoka et al. (Ref. 26) and the ICR value is from Anicich, Hunt-
ress, and Futrell (Ref. 16).

3/2kzT. The new SIFT and HTFA data are in excellent
agreement with the drift tube data'? up to 0.2 eV. However,
the HTFA data above 0.2 eV are slightly lower than the drift
tube values.!” Nevertheless, these data are in agreement
within the experimental error when plotted against rotational
and translational energy. This agreement indicates that rota-
tional and translational energy influence the reactivity
equally within the uncertainty of the measurements.

One of the advantages of the HTFA experiments is that
excited vibrational levels are thermally populated at higher
temperatures. The drift tube data have been taken at a flow
tube temperature of 298 K; thus, the NO will have a room
temperature internal energy distribution. The large vibra-
tional energy spacing in NO prevents any significant thermal
population of v>0 at 298 K.3! Comparing the HTFA data
measured at high temperatures with drift tube data plotted as
a function of the total energy in the reactants (translational,
rotational, vibrational, and electronic energy, the latter being
less than 0.01 eV>?) can illustrate the effects of vibrational
excitation on the kinetics, which has often been shown to
enhance reactivity.!*® The rate constants are plotted again in
Fig. 3 as a function of the average total energy in the reac-
tants. The agreement between the drift tube and the HTFA
measurements in Fig. 3 is somewhat better than in Fig. 2,
clearly agreeing within the experimental error. No substantial
enhancement of the rate constants occurs with vibrational
excitation of the NO. Therefore, all types of energy affect the
reaction of N¥ with NO equally, although the conclusions
about vibrational excitation are only approximate because of
the small amount of vibrational excitation even at the highest
temperature. Previous studies involving NO have also shown
smaller effects due to NO vibrational excitation than many
other molecules. "

Kosmider and Hasted made a static drift tube (DT) mea-
surement of the kinetic energy dependence of the rate con-

Midey, Miller, and Viggiano

TABLE 1. Product branching ratios for the reactions of N* and N3 with NO
measured in the selected ion flow tube (SIFT) at 300 and 500 K. The room
temperature values have been taken from the literature as indicated in the
table. The enthalpy of reaction at 298 K, AH5 X | has been calculated from
the literature values (see text).

Branching ratios

AH298 K
Reaction kImol™! 300 K 300K Literature 500 K

N*+NO—O*+N, —408  0.02 <0.05° 0.01
Ny +0 —212 007 0.08° 0.11

0.15°

0.21¢
NO*+N -511 091 0.92° 0.88

0.85°

0.79¢
N +NO—-NO'+N,+N  —-212  1.00 1.00

®Fahey et al. (Ref. 12).

bAnicich, Huntress, and Futrell (Ref. 16).
°Adams, Smith, and Paulson (Ref. 18).
Tichy et al. (Ref. 17).

stants for this reaction at energies between 0.04 and 2 eV."
While their data show some limited qualitative similarities to
the flow tube data, their rate constants are an order of mag-
nitude lower than all of the values taken by different methods
discussed above. Consequently, these data have been omitted
from Figs. 1-3. The authors noted several problems in de-
termining the NO concentration in the drift tube. If the con-
centrations were erroneously high, the measured rate con-
stants will appear lower than the actual values.

In addition, the cross sections for the reaction of N*
with NO giving NO* and N; have been measured using a
crossed beam apparatus to investigate the ion kinetic energy
dependence.?>*’ These data were converted to rate constants
by Fahey et al. by multiplying the cross section by the aver-
age center-of-mass collision velocity of the reactants, and
then added together to get a total rate constant for compari-
son with their drift tube data.!? The crossed beam derived
rate constants show an increase with increasing kinetic en-
ergy and are in disagreement with the drift tube rate con-
stants below 2.5 eV. Fahey ef al. carefully eliminated the
possible causes of error in their measurements, including the
neglect of the minor O product channel in the crossed beam
data, the role of metastable Nt ions in the crossed beam
experiment,”’” and the effect of deviations of the ion speed
distribution in the flow drift tube from near Maxwellian.'? As
the data from the many different sets of experiments shown
in Figs. 1-3 agree very well, these crossed beam results®>?’
have also been excluded.

Branching ratios for this reaction at 300 and 500 K have
been measured in the SIFT and are shown in Table I along
with the literature values at 298 K. The data have been cor-
rected for the presence of a <2% H,0" impurity that per-
sisted despite trapping the helium buffer as well as <3%
background impurities of Ny , NO*, and O; from the reac-
tion of N* with trace impurities in the buffer gas. The
branching ratios previously measured at room temperature in
a SIFT (Refs. 17, 18) and in an ICR (Ref. 18) are also shown
in Table I. The three potential reaction channels are shown in
Eq. (1) below.’!
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Nt +NO—-NOY(X)+N+53 eV, (1a)
—N; (X)+0+22 eV, (1b)
—0*+N,+4.2 eV. (1c)

The predominant product observed in the SIFT is nondisso-
ciative charge transfer yielding NO*, accounting for 0.91 of
the products at 300 K and 0.88 of the products at 500 K. The
previous values are in the 0.79—0.93 range'®~!® and the 300
K data are in closest agreement with the ICR value of
Anicich, Huntress, and Futrell.'® The other major reaction
channel gives products N; and O, where the N branching
fraction increases from 0.07 at 300 K to 0.11 at 500 K. This
is outside our error of 20% of the minor channel. Again, the
new 300 K value agrees best with the ICR result.!® Creating
either the N; (4) or O('D) excited neutral products is 1.1
and 0.21 eV exothermic, respectively. The relatively small
amount of N; may indicate barriers along this reactive path-
way or competition with charge transfer. Fahey ef al. have
also examined the possibility of forming O* and N, products
at high kinetic energies and place an upper limit on the O
branching ratio of 0.05 from 0.05 to 1.5 eV.!? The present
values show a minor O* product with a branching fraction of
0.02 and 0.01 at 300 and 500 K, respectively, consistent with
the earlier observations. The O product can also be exother-
mically produced in the 2D electronic excited state.>

Tichy et al. have found the highest fraction of N prod-
ucts (0.21) in a SIFT experiment that probed the reactivity of
both ground and excited state N* using monitor ion
techniques.!” The reaction of N** with H, giving H; pro-
vides a measure of the reactivity attributable to the meta-
stable ions present. However, the authors note that N* reac-
tion with H, complicates the deconvolution of the quenching
of N** relative to reaction. N* reacts rapidly with H, to
give NH" which, in turn, reacts rapidly with NO to give
N,H* at m/z=29."® If the product mass analyzer resolution
is insufficient to resolve 1 amu, then the N, contribution
may be artificially inflated in the Tichy ef al. SIFT results.
Adams et al. have measured a branching ratio of 0.15 for N
in a SIFT, twice the value obtained currently. Adams et al.
have noted that the source conditions have been carefully
established to minimize the production of metastable N*
ions so the presence of excited species should not interfere
with their measurement. No obvious explanation can be
found for the discrepancies between the current and previous
results. All of the N,: ions are present in the HTFA during
these measurements, precluding the measurement of branch-
ing ratios.

B. N} +NO

The reaction of N5 with NO has also been extensively
studied by various methods.!%13!4.17.23-2634-43 The rate con-
stants for this reaction are plotted as a function of tempera-
ture in Fig. 4. Again, the data follow a power law depen-
dence, k=(7.5%X107%)T~%52, The dependence of the rate
constant for N;’ (v=0) on the center-of-mass kinetic energy
(KE, ) has been measured in two separate SIFDT experi-
ments using a monitor gas to isolate the N, ground vibra-
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FIG. 4. Rate constants for the reaction of N; with NO plotted as a function
of temperature in K. The SIFDT data sets are from Dobler et al. (Ref. 13)
(labeled SIFDT) and Howorka, Albritton, and Fehsenfeld (Ref. 14) (labeled
NOAA). The HTFA data are current measurements. The SIFT data represent
previous measurements by Tichy et al. (Ref. 17) and Frost ez al. (Ref. 43).
The FA values are from Matsuoka et al. (Ref. 26), Goldan et al. (Ref. 23)
and Fehsenfeld ef al. (Ref. 24). The kinetic absorption spectrum result is
from Dreyer and Perner and the photoionization mass spectrometry (PIMS)
value is from Warneck (Ref. 16). The drift tube (DT) data are from Koba-
yashi and Koneko (Ref. 10) and the guided ion beam (GIB) data are from
Graul et al. (Ref. 42).

tional state kinetics. For clarity, the Innsbruck SIFDT results
of Dobler et al.'* are labeled SIFDT and the SIFDT results of
Howorka, Albritton, and Fehsenfeld'* measured at NOAA
are labeled NOAA in Fig. 4 and subsequent figures. Cross
sections for this reaction as a function of (KE, , ) measured
in a static DT by Kobayashi and Koneko'’ and in a guided-
ion beam (GIB) by Graul et al.** have been converted to rate
constants by taking the product of the cross section and the
average relative velocity of the reactants in the center of
mass. All of the (KE.,) from the previous
experiments'®1>!**2 have been converted to an effective
temperature as described above for N*. An additional
crossed beam experiment by Turner, Rutherford, and Steb-
bings has probed the cross sections as a function of kinetic
energy for this reaction.”> However, their measurements have
been made at kinetic energies of 4 eV and higher, which
exceeds the overlapping range of the experiments shown in
Fig. 4 and have consequently not been shown.

The rate constant at 298 K for N, reacting with
NO is well established at around 4.0+1.0x1071°
cm3 g7 !, 10:13,14,17.23,24,26,34-3843 Again, this average value is
roughly half of the Su-Chesnavich collision rate constant?®?
of 8.5X107%cm?® s™!, The current HTFA results agree with
the previous studies showing that the rate constants decrease
with increasing temperature. The two SIFDT studies'*!
agree very well with the HTFA data up to 900 K. The HTFA
rate constant measured at 1000 K appears out of line with the
other values. Varying the HTFA reaction conditions includ-
ing filament emission current, N, source gas flow, sampling
voltage, detector voltages, lens conditions, and electron en-
ergy did not affect the rate constant at 1000 K, eliminating
the most commonly found sources of
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FIG. 5. Rate constants for the reaction of N; with NO as a function of the
average translational and rotational energy in eV. The selected ion flow drift
tube data sets are from Dobler ef al. (Ref. 13) (labeled SIFDT) and Ho-
worka, Albritton, and Fehsenfeld (Ref. 14) (labeled NOAA). The HTFA data
are current measurements. The SIFT data represent previous measurements
by Tichy et al. (Ref. 17) and Frost et al. (Ref. 43). The FA values are from
Matsuoka et al. (Ref. 26), Goldan er al. (Ref. 23), and Fehsenfeld, Schmelt-
ckopf, and Ferguson (Ref. 24) The kinetic absorption spectrum result is
from Dreyer and Perner and the PIMS value is from Warneck (Ref. 16). The
DT data are from Kobayashi and Koneko (Ref, 10) and the GIB data are
from Graul et al. (Ref. 42).

error. In spite of these tests, we believe the shape of the data
curve indicates that there must be a small systematic error in
that point. The DT data agree with the flow tube results at
298 K and both the GIB and DT data exhibit the same quali-
tative trend. However, the DT and GIB data are systemati-
cally higher. We have no obvious explanation for the discrep-
ancy. However, our past experience has proven that data
obtained with the HTFA and obtained with the NOAA and
Innsbruck drift fubes are generally in excellent agreement.
Therefore, in order to derive internal energy dependences,
we compare the HTFA results only to the SIFDT and NOAA
data.

To investigate the role of translational and rotational en-
ergy at increased temperatures, the rate constants are also
plotted against the average translational and rotational en-
ergy in Fig. 5. Only the HTFA, SIFDT and NOAA data are
plotted for clarity. The average rotational energy for NO in
all of the experiments is k37, where T is the temperature of
the experiment. The average rotational energy in the N, in
the drift tube experiments'®'>* is kpTyur, Where Ty, is de-
termined from the center-of-mass collision energy for ion-
buffer gas collisions ({KEyyse)=3/2kTpug).** The HTEA,
SIFDT (Ref. 13), and NOAA!* data sets in Fig. 5 agree
within the error in the experiments, intimating that transla-
tional and rotational energy behave similarly. The HTFA data
are lower than the drift tube data at temperatures over 1000
K but just at the limit of our uncertainty estimate. This dis-
crepancy could be due to vibrational excitation reducing the
reaction rate. However, it would mean that the v>0 rate
constants would be effectively zero and therefore, the differ-
ence is more likely a result of a small systematic error in one
of the measurements. In any case, it is clear that vibrational
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excitation does not significantly enhance the rate constants.
For N, vibrations, it is shown that the rate constant for re-
activity is similar between various states and that the overall
rate constant increases because of quenching,!>!4

The reaction of N; with NO proceeds almost exclu-
sively via charge exchange to give NO™. Three energetically
possible channels are illustrated below in Eq. (2).*!

N, +NO—N,+NO*(X)+6.3 eV, (2a)
—N,+NO*(a)—0.07 eV, (2b)
—N,(4)+NO*(X)+0.15 eV. (2¢)

At collision energies above 5 ¢V in the GIB, two dissociative
charge transfer channels giving N* and O* have been ob-
served when these pathways become energetically accessible
as shown in Eq. (3).#?

N; +NO—N,+N(*S)+0*(*S)—4.6 eV, (3a)
N; +NO—N,+N*(3P)+O0(3P)—5.5 eV. (3b)

Production of the NO*(«) in the HTFA experiments could
cause the apparent rate constants for reaction (2) to be
slightly smaller since the NO*(a) ions would charge transfer
back to N . However, no curvature in the HTFA data in-
dicative of this back reaction has been observed, nor do the
rate constants depend on the N, flow rate. As discussed pre-
viously, product branching ratios could not be obtained in the
HTFA because all three of the N\, ions are present under the
current experimental conditions.

As previously mentioned, around 10% of the N vibra-
tional population is in v=1 at 1400 K. The quenching of
vibrationally excited Ny by NO in competition with the
charge transfer reaction has been studied pre-
viously, 3141738404143 Moot recently, Frost et al.** have used
a SIFT with laser-induced fluorescence detection of the N
vibrational levels to probe the competing processes. As
found previously,”! the v=1 levels decay at a faster rate than
v=0. However, ca. 70% of the reaction from v =1 is charge
transfer giving NO* with a rate constant only 10% larger
than that for v =0.* The HTFA results show that all types of
energy affect the energy essentially the same, in keeping
with the results of Frost et al.*

C.Nf+NO

Unlike N* and N; , only one previous study of the rate
constant - for the reaction of N; with NO has been
performed.'> Lindinger has studied the kinetic energy depen-
dence of the rate constant in a FDT at two different flow tube
pressures at 298 K using a nitrogen buffer. The rate constants
as a function of temperature are plotted in Fig. 6, where the
(KE.,) from the FDT is converted to T as discussed
above. All of the data sets shown in Fig. 7 agree well, except
at 500 K where the SIFT value is slightly lower than the FDT
results. However, the rate constants agree within the com-
bined error of the two experiments. The rate constants are
much less than the Su-Chesnavich collision rate constant®®?
of 7.7X107%cm3s™!. Nevertheless, given the excellent
agreement as a function of temperature between the FDT and
HTFA, the data can be compared as a function of total en-
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FIG. 6. Rate constants for the reaction of Nj with NO plotted as a function
of temperature in K. The flow drift tube (FDT) data are from Lindinger (Ref.
15). The SIFT and the HTFA data are current measurements.

ergy as shown in Fig. 7 to examine the role of the total
energy available. The translational, rotational, and vibra-
tional energy in Ny and NO are calculated similarly as for
the N reaction. An important difference is that the vibra-
tional temperature of the N in the FDT reflects T,r. When
plotted this way, the HTFA data in Fig. 7 are lower than the
FDT data at energies above 0.4 eV; however, the rate con-
stants still agree within the error of the two experiments. One
major difference is that the FDT experiments have been done
in an N, buffer.!” Therefore, the ion velocity distribution will
be different from similar measurements in a helium buffer
and the remaining differences may be attributable to the dif-
ference in the energy distribution using N, as the buffer gas
in the drift tube.*

Lindinger'® proposes that N,O" products may be
formed exothermically in the N3+ reaction.! However, only
nondissociative charge transfer giving NO* has been ob-
served in the SIFT at 300 and 500 K as shown in Table I and

*
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FIG. 7. Rate constants for the reaction of Ny with NO plotted as a function
of the average total energy (translational, rotational, and vibrational) in eV.

The FDT data are from Lindinger (Ref. 15). The SIFT and the HTFA data
are current measurements,
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FIG. 8. Rate constants for the reactions of N*, N; , and Nj with NO as
measured using (a) drift tube instruments [N* (Ref. 12), Ny (Refs. 13,14),
and N7 (Ref. 15)] and (b) a HTFA.

illustrated in Eq. (4) below. The heat of formation of N;r
used to calculate the reaction enthalpy is an average of data
taken from the literature,>47~%

N3 +NO—=NO*(X)+N,+N(*$)+1.7 V. )]

Forming linear N3 products intact instead of dissociated as
shown above is also exothermic;*"*7~*° however N; is un-
stable. The branching ratios have not been measured
previously'® and are unable to be examined in the HTFA for
reasons outlined above.

IV. DISCUSSION

Figure 8 shows all of the energy dependent kinetics data
measured using flow tubes for N,: +NO with m=1-3 plot-
ted together versus the average total energy available. All of
the drift tube data are plotted in the top graph and all of the
HTFA data are in the bottom graph. The overall rate constant
for a given ion decreases with an increasing number of N
atoms in the cation. However, the Ny +NO rate constants
show a marked increase with increasing energy above ca.
0.25 eV in both the drift tube and the HTFA. The Franck-
Condon factors at the charge transfer energy resonance with
NO based on the recombination energies’ of the reactant
ions for N* (14.53eV), N (15.58¢eV), and N (11.27¢€V)
producing the NO* (X) state are not favorable for any of the
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jons.”®*! The mechanisms below are complicated and several
mechanisms may play a role which may account for varia-
tions in the reactivity as seen in Fig. 8.

The trends in the rate constants with energy are indica-
tive of reactions involving a collision complex. N* reacting
with NO could form an N,O% intermediate. It is 6.6 eV
exothermic to form N,O™ in its linear ground electronic state
in this manner.' If ~5 €V or more of the exothermicity is in
electronic energy of the intermediate, dissociation of linear
N,O" can occur from the B 2II electronic excited state.’>>
TPEPICO experiments of Nenner ef al. have shown that this
state is predissociative, giving >99% NO™* and N; ,34 con-
sistent with the SIFT data from 298 to 500 K. NO™ products
can also be produced via predissociation from (1) the weakly
spin-orbit coupled linear N,O* 4 23, first excited electronic
state to either the 2 3, state®>>* or 1 *II state,”* (2) from
the linear N,O* X 2II ground state to the 2 43~ state,>>>>
or (3) from the lower lying bent N,O*a*4” state that is
correlated to the *IT linear excited state.”>*’ The minor O™
channel is only accessible from predissociation of the linear
N,O0* X Il ground state to the 23~ state®*> or from ac-
cess to the bent a #4" state.>>>” The bent configuration has a
small energy barrier (~0.1 eV) to ground state OT+N,
products. However, the shape of the saddle point region cre-
ates a dynamical barrier that affects the reaction
probability.>’

A more direct mechanism may contribute to the N*
+NO reaction as well. The strongest Franck-Condon overlap
would be at the resonance with the NO*(X)+N(?P) prod-
ucts, where the product curve crosses at around NO(v=4),
but this crossing would form a large barrier to charge ex-
change along this coordinate. It is possible that the entrance
channel potential could shift relative to the product potential
as the reactants approach each other. This region of the po-
tential would be controlled by the global minimum of the
N,O" surface instead, possibly creating resonances with the
off-resonant NO™(X,v=4,5) levels which have sufficient
Franck-Condon overlap. The asymptotic Franck-Condon fac-
tors may also be different at shorter ranges.”®

For the N; reaction with NO, Graul ez al. have found
from time-of-flight (TOF) product velocity distribution mea-
surements that two charge transfer mechanisms occur: for-
mation of a collision complex involving ion-induced dipole
forces and a direct charge transfer controlled by energy reso-
nance and Franck-Condon factors with large internal energy
deposition, even at collision energies below 1 eV.*> The
NO™(a) excited electronic state shown in Eq. (2b) is nearly
resonant and has good Franck-Condon overlap with
NO(X,v=0) and could easily participate in a direct
mechanism.>*>! However, the TOF spectra are not suffi-
ciently resolved to indicate whether the electronically excited
products are from channels (2b) or (2¢).#?

The cross sections for the forward scattered NO* prod-
uct jons observed in the TOF spectra in the GIB for Nj
+NO have an E 7% center-of-mass translational energy de-
pendence, indicative of creating an orbiting collision com-
plex at kinetic energies below 1 eV.*? A power law fit to the
HTFA data also gives an ca. E™%° energy dependence, con-
sistent with the observations of Graul et al.** Parent et al.>’
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have found through measuring product kinetic energy distri-
butions using an ICR that significant product translational
energy occurs, consistent with more of the complex forma-
tion mechanism contributing at thermal energies than at 1 eV
and higher in the GIB. The internal energy appears to be
deposited in the excited vibrational levels of ground elec-
tronic state products and likely some of the energy is also
deposited in the N,(4,v=0) state. However, no evidence for
generating ground electronic state products is observed
above 1 eV in the GIB.*?

Triplet N;“ reacting with doublet NO can react via a
collision complex accessing either a doublet or quartet sur-
face to produce NO*. Forming ground state linear N; via
this reaction is 1.9 eV exothermic. However, the doublet
ground state linear Nj is unstable relative to dissociation
forming the spin-forbidden ground state products N(*S%)
+N, and it is 2.3 eV below the spin-allowed N(?D)+N,
asymptote.*®>® Recent calculations of the potential energy
surface for the dissociation of N3 by Zhang et al. using mul-
tireference configuration interaction (MRCI) at the MR-
CISD(Q) level using a triple-zeta basis set (VTZ) show that a
crossing seam accessing the quartet surface leading to
N(*5%)+N, is around 2 eV above the doublet linear Nj
ground state.” This seam is accessible if linear N; is formed
in reaction (4) with most or all of the 1.9 eV exothermicity
deposited into N, internal energy. Therefore, the neutral
products are most likely N(*S%) + N, which is overall 1.7 eV
exothermic. Alternatively, the lowest stable doublet N; ex-
cited state is a cyclic isomer ca. 1.3 eV higher in energy.
However, a ~1.2 eV barrier to isomerization exists from the
linear ground state, making this pathway less likely over the
energy range presently studied.®® In addition, the potential
surfaces explicitly for the Nj +NO system are unknown.
Thus, the topology of the surface for the N reaction may be
the reason that its behavior is so different from that of N*
and N; .

V. CONCLUSIONS

This work continues our series of studies on how differ-
ent forms of energy affect the rate constants for ion-molecule
reactions. Previously, we have shown that in almost all cases,
rotational and translational energy affect the reactivity
equally within our error. All three reactions studied here con-
firm that observation. The effects of vibrational energy have
been more varied. We have previously concluded that for
charge transfer reactions, the effects of vibrations are often
the same for reactions involving the same neutral reactant.
This was certainly true for O, reactions, where O, vibra-
tional excitation enhanced the reactivity.>%%!~* However, for
NO reactions, only two have been studied up to 1400 K and
no appreciable effect of vibrationally exciting NO was
observed.%%® All three reactions studied here are consistent
with this observation. However, the large vibrational con-
stant for NO results in only a small amount of excited NO,
making accurate determination of the vibrational rate con-
stants impossible. In any case, those rate constants cannot be
appreciably larger than the ground state rate constant and are
probably very similar. This conclusion is consistent with the
Franck-Condon factors being large if the lowest NO* (X)
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vibrational levels are populated.’®*! All of the reactions with
NO studied here involve a collision complex, consistent with
the fact that redistribution of energy results in all forms of
energy behaving the same. Curve crossings in the potential
energy surface at long range for the systems involving NO
may also have an influence on the observed reactivity.>®

The temperature dependence of the branching ratios for
the N™* reaction with NO has also been measured for the first
time up to 500 K. An increase in the amount of N products
at the expense of NO™ nondissociative charge transfer prod-
ucts occurs at 500 K. A small amount of O* product is also
observed. The branching ratios for the reaction of Nj with
NO have also been measured in the SIFT, showing that only
nondissociative charge transfer to give NO™ occurs up to
500 K.
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